Salinity is one of the major abiotic stresses affecting plant productivity. Soybean [Glycine max (L.) Merr.] is moderately sensitive to saltaffected soils. In this study, Arabidopsis vacuolar
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t is estimated that 2% of the 1500 million ha of dry farmed land and 20% of the 230 million ha of irrigated farmed land are salt affected with an electrical conductivity (EC) of 4 dS m −1 or greater (Munns and Tester, 2008; Phang et al., 2008) . The saltaffected areas are expanding due to the rising seawater levels and excessive evaporation in dry land, which even further affect the current production of crop plants. The development and use of crops that can tolerate soil salinity would be a practical contribution towards sustainable production of crops in salt-affected areas (Yamaguchi and Blumwald, 2005) .
In coping with salinity stress, plants can express their response in three mechanisms: osmotic stress tolerance, Na + exclusion, and high tissue Na + concentration endurance (Munns and Tester, 2008) . Plants may avoid salt accumulation in the tissues by exclusion from uptake and transport or secretion of salt to leaf surface and extrusion to older leaves. When the accumulation of salt occurs, plants trigger tissue tolerance by activating compartmentation of salt in vacuoles and tissue protection machinery. Compartmentation of Na + in vacuoles is critical for cytosolic Na + ion detoxification and for cellular osmotic adjustment to maintain cellular functions and turgor (Apse and Blumwald, 2007) . The Na + compartmentalization in vacuoles is mediated by a Na + /H + Co-expression of Arabidopsis AtAVP1 and AtNHX1 to Improve Salt Tolerance in Soybean H + -pyrophosphatase gene (AtAVP1) and a vacuolar Na + /H + antiporter gene (AtNHX1) were co-expressed to determine if the compartmentation of Na + in vacuole is feasible to improve salt tolerance in soybean. The transgenic plants co-expressing AtAVP1 and AtNHX1 enhanced salt tolerance compared with those expressing individual AtAVP1 or AtNHX1, which were more tolerant than the nontransgenic control plants. These transgenic plants had higher chlorophyll content, cell membrane stability, and photosynthetic rate under both 100 and 200 mM NaCl treatments, whereas biomass was different only in the treatment of 100 mM NaCl. Analyses of Na + content in roots and leaves showed that the tolerance of the transgenic plants was likely the contribution of both higher Na + sequestration in the vacuoles and cellular protection mechanisms. Under longer exposure to mild NaCl stress condition (electrical conductivity ? 7.5 dS m −1 ); however, the transgenic plants did not have higher biomass and grain yield than the nontransgenic soybean. The data suggest that the expression of AtAVP1 and AtNHX1 benefits the transgenic soybean in short-term salinity. For longer salt exposure, they might be more beneficial if coupled with lower Na + accumulation regulators. To this end, coupling their expression with genes controlling Na + uptake and long-distance transport such as SOS1, a plasma membrane Na + /H + antiporter, might be more efficient in improving salt tolerance in soybean.
antiporter (NHX) using the proton gradient across the tonoplast membrane, which is generated by the H + pyrophosphatase (Apse and Blumwald, 2007 (Zhang and Blumwald, 2001; Apse and Blumwald, 2007; Li et al., 2010; Asif et al., 2011; Fan et al., 2014; Sahoo et al., 2016) . Similarly, overexpression of the vacuolar H + pyrophosphatase AVP1 enhanced salt tolerance in various plant species (Gaxiola et al., 2001; Li et al., 2010; Bhaskaran and Savithramma, 2011) . Co-expression of both AVP1 and NHX1 resulted in higher tolerance compared with individual genes in tomato (Solanum lycopersicum L.), sugar beet (Beta vulgaris L.), and alfalfa (Medicago sativa L.) (Bhaskaran and Savithramma, 2011; Shen et al., 2014; Wu et al., 2015; Bao et al., 2016) .
Soybean is an important crop, with the world production accounting for 59% of oil seed crops (USDA-FAS, 2018) . Soybean production has been challenged by rising salinity in many parts of the world (Phang et al., 2008) . Seed yield is affected when salinity exceeds 5 dS m −1 (Ashraf, 1994) . Salinity causes damages throughout the life cycle of a soybean plant, inhibits of seed germination, and affects plant height, leaf size, biomass, number of nodes and branches, number of pods, and seed weight (Abel and MacKenzie, 1964) . Salt stress reduces the number and biomass of nodules, which in turn reduces N 2 fixation in soybean (Singleton and Bohlool, 1984; Delgado et al., 1994; Elsheikh and Wood, 1995) . Genetic improvement has been attempted through traditional breeding programs with limited success (Phang et al., 2008) . Genes regulating salt tolerance identified using molecular tools can be potentially used for genetic engineering to maintain plant productivity under saline conditions. Exclusion from uptake and compartmentalization of Na + in vacuoles can reduce the deleterious effects of Na + while maintaining cellular osmotic homeostasis balance (Munns and Tester, 2008) , which might be beneficial to improve salt tolerance in soybean.
The present study aimed to investigate the salt tolerance of soybean by expressing AtAVP1 and AtNHX1 with known functions in Na + transport through tonoplast membrane into the plant vacuole. The transgenic soybean plants were evaluated for salt tolerance in terms of growth, photosynthesis, and yield. Our data show that constitutive expression of AtAVP1 and AtNHX1 can significantly enhance the salt tolerance of transgenic soybean plants by maintaining photosynthesis and plant growth at initial stage of salt stress. These two genes, however, do not have benefit for long-term salt stress, which limits their use in genetic engineering for salt tolerance in soybean, at least in the Vietnamese variety DT26.
MATERIALS AND METHODS Gene Cloning, Vector Construction, and Soybean Transformation
The open reading frames of AtAVP1 (GenBank accession NM_101437) and AtNHX1 (GenBank accession NM_122597) were amplified from complementary DNA of Arabidopsis thaliana (L.) Heynh. cv. Columbia. The primers for polymerase chain reaction (PCR) for AtAVP1 and AtNHX1 were AtAVP1-F-ATGGTGGCGCCTGCTTTGTTA, A t AV P1-R-T TAGA AGTAC T TGA A A AG GATACC; and AtNHX1-F-ATGTTGGATTCTCTAGTGTCGAA, AtNHX1-R-TCAAGCCTTACTAAGATCAGGA, respectively. The TOPO vectors (Invitrogen) carrying the genes were sequenced to verify the inserts. The plasmids were then excised at EcoRV and KpnI, blunted with T4 DNA polymerase and inserted into the binary vector pPTN200-35S between 35S promoter and terminator, linearized, and DNA polymerase blunted at NcoI site. The vector pPTN200-35S was previously constructed by insertion of the 35S promoter-35S terminator fragment isolated by PstI from the plant expression vector pRTL2 (Zhang et al., 1999) into the binary plasmid pPTN200 (Sato et al., 2004) , which was linearized by PstI. The resultant binary vectors carry a bar gene, which confers resistance to herbicide glufosinate to aid during transgenic plant developmental stages. The binary vectors were mobilized into Agrobacterium tumefaciens strain EHA101, which is resistant to antibiotics kanamycin and chloramphenicol.
Transgenic Plant Development and Analyses
Soybean transformation was performed as described previously (Mathieu et al., 2009 ) on a recently introduced soybean variety DT26 (Field Cops Research Institute, Hanoi, Vietnam) . Transgenic plants in subsequent generations were verified by PCR using corresponding primer pairs (AtAVP1-MF: TTGTGTCATGGGTTGGCTTA, AtAVP1-MR CAGAGC-CGAGGAAAACAAAG to amplify a 741-bp fragment of AtAVP1, and AtNHX1-F and AtNHX1-R to amplify a fulllength coding sequence [CDS] of AtNHX1). The PCR reaction contained ?20 to 50 ng DNA, 10 pmol primer, and 1´ GoTaq Green Master Mix. The PCR was set at 95°C for 2 min, 35 cycles of 95°C for 20 s, 50°C for 30 s, and 72°C for 1 min, and a final extension of 72°C for 10 min. The PCR products were separated in 1% agarose gel. To verify the insertion of the transgenes in the genome of soybean, 15 mg of high-quality DNA was digested with EcoRV, separated in 1% agarose gel, and then transferred into a membrane, which was subsequently hybridized with isotope P32 tag probes and visualized on an X-ray film. The RNA isolated from youngest open leaves was used for northern analyses. Transgenic plants overexpressing both genes were obtained by crossing two the events of AtAVP1 and two events of AtNHX1.
Soybean Salinity Tolerance Assays
Evaluation of salt tolerance was performed using a modified PVC tube method (Lee et al., 2008) with some modifications. Seven soybean lines including AtAVP1, AtNHX1 (two events per gene, T3 generation), their co-overexpressing events (two events, F 2 generation), and DT26 (the wild type [WT]) were used in all an EC meter, and the mix with an EC reading of ?7.5 dS m −1 was selected for salt treatment. The control treatment had an EC reading of ?2.3 dS m −1 . In each pot, three soybean seeds were sown directly on the salted soils and later, only one plant with positive PCR results was kept for further measurements. A set of three plants growing next to each other was considered a replication in a three-replicate experiment. To maintain salt stress, an amount of water was added daily to maintain a constant pot weight. Plants were harvested at maturity (growth stage R8), and shoot dry biomass and seed yields were recorded. Because most of the leaves were fallen at harvest, shoot biomass contained only stems and pods. Biomass data were recorded after drying the samples to a constant weight at 65°C in an incubator. The yield study was performed in summer 2016 repeated in summer 2017 for validation. Mean comparison at the 0.05 probability level was performed using Duncan's multiple range test, which is included in the Genstat version 12.1.0.3338 (Payne et al., 2009) .
RESULTS
Development of Transgenic Soybean Overexpressing AtAVP1 and AtNHX1
Expression cassettes of AtAVP1 and AtNHX1 were assembled under control of 35S promoter (Fig. 1A) , which was previously reported to drive high expression of target genes in roots and shoots of soybean (Bihmidine et al., 2013) . The final binary vectors, designated as pSalt10 and pSalt11, were delivered into Agrobacterium strain EHA101. Soybean transformation was performed on the variety DT26, which was recently introduced for winter and spring crops in northern Vietnam (Quach et al., 2018) . Twenty-five transgenic events of the two gene constructs were generated. Among the soybean transgenic events derived, eight transgenic events (four events of AtAVP1, and four events of AtNHX1) were PCR positive. Most of the transgenic events had single copy of the genes of interest and the transgenes had good expression (Fig. 1) . We selected two events from each gene construct with similar growth but having good gene expression for phenotypic characterizations. These are referred to as A2.2 (AtAVP1-T0.2-T1.2), A3.7 (AtAVP1-T0.3-T1.7), N1.34 (AtNHX1-T0.1-T1.34), and N3.10 (AtNHX1-T0.3-T1.10), respectively, for the transgenic plants expressing AtAVP1 and AtNHX1. The transgenic plants expressing both genes were obtained by crossing two events from each gene construct (AN1: A2.2xN1.34; AN2: A3.7xN3.10). The F 1 and F 2 generations were verified by PCR.
Co-expression of AtAVP1 and AtNHX1 in Soybean Conferred Greater Salt Tolerance than Expression of Individual Genes at Vegetative Growth Stages
Two-week soybean plants were evaluated for salt tolerance at three levels of 0, 100, and 200 mM NaCl. Under nonstress conditions (0 mM NaCl), all transgenic events salinity tolerance assays. The soybeans were grown in pots, which were placed in large trays with a predetermined salt concentration solution (see below). The experiment was completely randomized block designed with three replications. Each pot contained a 1.5-L of coarse sand and was irrigated from bottom by providing 1-cm depth of Hoagland nutrition solution (Hoagland and Arnon, 1939 ; pH of ?6.0) to the pot-containing trays. Three soybean seeds were placed at ?1-cm depth. One week after germination, leaf samples were collected for PCR analyses and one plant from each pot was maintained for further phenotypic assays. After 14 d from sowing (plants were at approximately the V2 growth stage), salt treatments of 0, 100, and 200 mM NaCl were imposed. Every 3 d, the culture solutions were replaced with a fresh solution. The pots were exposed to the solution for 30 min to saturate the sand before draining to maintain 1-cm depth in the trays. Electrical conductance of culture solutions was monitored every day, and tap water was added to maintain 1-cm solution depth and a constant EC, corresponding to given salt treatments. During the experiments, measurements of gas exchange, leaf greenness, and leaf scorch score were performed at weekly intervals. Gas exchange parameters and photosynthetic rate were measured using the CI-340 handheld photosynthesis system (CID-Bioscience). Leaf scorch score was estimated on a scale of 1.0 to 5.0 (where 1.0 = no apparent chlorosis, 2.0 = slight [25% of the leaves showed chlorosis], 3.0 = moderate [50% of the leaves showed chlorosis and some necrosis], 4.0 = severe chlorosis [75% of the leaves showed chlorosis and severe necrosis], and 5 = dead [leaves showed severe necrosis and were withered]), as described previously (Lee et al., 2008) . When DT26 reached a leaf scorch score of 5.0, all genotypes of the corresponding treatment were harvested for a leaf membrane stability assay, root and shoot dry biomass (dried 65°C), and chemical contents. Membrane stability index was estimated using an electrolyte conductivity method (www.plantstress.com). A 20-cm 2 section of the two outside leaflets of the third open trifoliate leaves was harvested, rinsed, and placed in glass tubes containing 20 mL of deionized water. After incubation at 10°C for 24 h, conductance was determined with a conductivity meter. The vials were then autoclaved for 15 min and released all the electrolytes. Both measurements were performed for each sample from the stressed and nonstressed plants. Cell membrane stability was calculated as (%) {[1 − (T1/T2)]/[1 − (C1/C2)]} ´ 100, in which T and C refer to the stressed and nonstressed samples, respectively, and the 1 and 2 refer to the conductance readings before and after autoclaving. The middle leaflet of the third trifoliate leaves and the roots were used for quantification of K + , Na + , and Cl − using standard protocol (Focht, 2002) . About 0.25 g of dry ground tissue was used to determine Na + and K + by means of acid dilution procedure on hot plate using HNO 3 . Resultant samples were diluted to 50 mL and analyzed on inductively coupled plasma (ICP). For Cl − concentration analyses, ?0.25 g tissue was extracted with 0.5% HNO 3 and analyzed by potentiometric titration with AgNO 3 .
For the yield test, the transgenic and WT soybean genotypes were grown in 6-L pots filled with paddy soil treated with a lower level of NaCl (?7.5 dS m −1 ) to maintain growth to maturity. To have this desired salt level, various NaCl amounts were premixed with soils and maintained at ?40% soil waterholding capacity. Salt level of each mix was determined using and WT plants exhibited vigorous growth. Under 100 mM NaCl stress, soybean growth was dramatically reduced, but significant difference was observed between the transgenic and WT plants (Fig. 2) . The transgenic plants had better plant height and biomass (both shoot and root) than the WT. On average, the transgenic plants had 27% greater plant height, 65% greater shoot biomass, and 50% greater root biomass than the WT after 30 d of 100 mM NaCl stress. The transgenic plants co-expressing two genes, however, did not have higher plant height and biomass than those having expression of individual AtAVP1 or AtNHX1. Under 200 mM NaCl, all soybean genotypes showed significant reduction in growth, and the growth almost ceased after few days of treatment. There was no significant difference in growth among transgenic and control plants under the 200 mM NaCl stress level.
To elucidate the tolerance of the transgenic plants that was able to maintain better growth than the WT, we performed measurements of photosynthetic capacity, including photosynthetic rate, chlorophyll content, and leaf membrane stability. In the 100 mM NaCl treatment, the transgenic plants were able to sustain photosynthesis, chlorophyll content, and membrane stability longer under the stress. The difference was significant after 4 wk of salt treatment among the soybean lines (28-and 35-d time points, Fig. 3 ). Similar to the growth performance, transgenic plants expressing both genes had a higher photosynthetic rate, higher chlorophyll content, lower leaf scorch score, and higher membrane stability than the ones that expressing individual genes. At the 200 mM NaCl stress level, all the soybean lines were not able to survive longer than 3 wk. During the 2 wk of treatment, the transgenic plants sustained better than the WT for leaf photosynthetic capacity. This better performance for a short time, however, could not translate into growth, and the transgenic plants did not have greater plant height or biomass than the nontransgenic plants under 200 mM NaCl stress (Fig. 2) .
AtAVP1 and AtNHX1 Expression Altered Tissue Na + and K + Distribution in the Transgenic Soybean
To determine the effects of the two genes on accumulation of Na + in the soybean tissues, we analyzed the Na + , K + , and Cl − in the roots and leaves. In response to NaCl treatments, soybean accumulated less K + in the roots but transported more K + to the leaves. In contrast, Na + concentration in tissues increased sharply (Fig. 4) . Compared with the WT, the transgenic plants accumulated more K + (?40-50% increase) and Na + (?30% increase) in both roots and leaves. We did not find any difference in At this lower concentration, we could grow the soybean to maturity with substantially fewer pods, compared with nonstress plants (Fig. 5) . Average biomass and seed yield of salt-treated plants were approximately 50 and 20% of the nonstress plants, respectively. We did not observe any difference in growth, biomass, or seed yields between the transgenic and WT plants under these stress conditions. It appears that the short-term tolerance at 100 and 200 mM NaCl was not correlated to long-term performance of the plants under persistent stress conditions regarding biomass and final seed yield. We repeated the experiment in the second year with a similar result (Supplemental Fig. S1 ).
DISCUSSION
In coping with the salinity-prone environment, development of stress-tolerant crops is considered an efficient and economic strategy (Zhu, 2001; Munns and Tester, 2008;  chloride uptake among genotypes under both nonstress and stress conditions.
Transgenic Soybean Did Not Outperform the Wild Type in Long-Term Growth and Yield
To investigate whether the advantage of leaf health maintenance, better photosynthesis and biomass accumulation of the transgenic over the WT could result in higher seed yield under salinity conditions, we maintained a set of plants for further investigation of seed yields. After 6 wk of salt treatments at 100 mM NaCl (?10 dS m −1 ), all plants died, suggesting that this concentration of NaCl was too high for the soybean plants to survive and produce seeds. This observation led us to lower the salt concentration in the media to 7.5 dS m −1 electrical conductance, which is closer to the threshold (5.0 dS m −1 ) above which soybean has a reduction slope of 20% of its yield (Maas, 1993) . ) and AtNHX1 (N) and both genes (AN). Salt treatments started at V2, and measurements were taken after 35 (for the 100 mM NaCl treatment) and 14 d (for the 200 mM NaCl treatment), when the leaf scorch score of the WT reached 5.0. A common lowercase letter indicates no significant difference among means of soybean genotypes in the same stress treatment (mean ± SEM, Duncan's test, p < 0.05). Fig. 3 . Photosynthetic rate, chlorophyll content, leaf scorch score, and cell membrane stability of transgenic soybean under NaCl stress. Salt treatments started when the soybean reached the V2 growth stage. Measurements of photosynthesis and chlorophyll content (A) were taken at weekly intervals. Leaf scotch score and cell membrane stability (B) were measured when the wild-type variety reached a leaf scorch score of ?5.0, which is approximately 35 and 14 d for the 100 and 200 mM NaCl treatments, respectively. A common lowercase letter indicates no significant difference among means of soybean genotypes in the same stress treatment (mean ± SEM, Duncan's test, p < 0.05). Phang et al., 2008 (Munns and Tester, 2008) . AVP1 functions to maintain electrochemical potential difference for H + across the membrane, which energizes the pumping of Na + into the vacuole. Studies in various plant species have showed that expressing tonoplast individual NHX1 or AVP1 genes improved biomass, enhanced salt, and even increased drought tolerance (Gaxiola et al., 2001; Li et al., 2010; Fan et al., 2014; Han et al., 2015; Shen et al., 2014; Yang et al., 2015; Sahoo et al., 2016) .
In this study, the Arabidopsis AtAVP1 and AtNHX1 were expressed individually or in combination in DT26 (Quach et al., 2018) . We found that the transgenic plants showed improvement of salt tolerance to moderate stress (100 mM NaCl) and severe stress (200 mM NaCl). The transgenic plants exhibited better growth maintenance, higher photosynthetic rate, higher leaf chlorophyll content, and lower leaf scorch scores under 100 mM NaCl stress, compared with the nontransgenic plants (Fig. 3) . Although there was not difference in growth under 200 mM NaCl, the transgenic plants had higher photosynthesis and cell membrane stability than the WT. In our experiment, the transgenic plants accumulated more K + (?40-50% increase) and Na + (?30% increase) in both roots and leaves. The accumulation of K + and Na + in the plant tissues appears to be a general trend, since similar observations were also reported previously. In Arabidopsis, overexpression of AVP1 increased content of Na + and K + in shoot (Gaxiola et al., 1999) . Under salt stress, the transgenic tomato co-expressing both genes showed a significant increase in accumulation of Na + while , and Cl − in roots and shoots of soybean under salt stress conditions. Plants were harvested when the wild-type variety DT26 reached the scorch score of 5.0 (?30 d after the start of salt treatment). A common lowercase letter indicates no significant difference among means of soybean genotypes in the same stress treatment (mean ± SEM, Duncan's test, p < 0.05).
reducing content of K + in the leaves (Bhaskaran and Savithramma, 2011) . Co-expression of xerophyte AVP1 and NHX1 in sugar beet showed greater accumulation of Na + than nontransgenic plants under 8 d of exposure to 400 mM NaCl stress (Wu et al., 2015) . Similar observation was also reported in barley (Hordeum vulgare L.) expressing AtNHX1, which showed accumulation of Na + and K + (Adem et al., 2015) . The greater tolerance of the transgenic soybean in our studies could be attributed to ion homeostasis sustainability resulting from greater accumulation of Na + in root and leaf tissues by the expression of AtNHX1 and AtAVP1, which have been reported in Arabidopsis, tomato, sugar beet, and barley (Gaxiola et al., 2001; Bhaskaran and Savithramma, 2011; Adem et al., 2015; Wu et al., 2015) . The increased accumulation of Na + was possibly a result of the activity of the vacuolar Na + / H + antiporter AtNHX1 and the increased sequestration of Na + in the vacuole and enhanced vacuolar osmoregulatory capacity of H + pyrophosphatase in the transgenic plants. Expression of AtAVP1 with presumably enhanced AVP1 activity provides greater H + electrochemical energy to drive the sequestration of Na + in vacuoles. The result from our study was also in agreement with previous studies in soybean where soybean expressing AtNHX1 and overexpressing the soybean membrane antiporter GmCHX1 (Li et al., 2010; Qi et al., 2014) showed improvement in tolerance to salt stress at vegetative growth stages.
Upon exposure to 100 and 200 mM NaCl stress, soybean co-expressing both AtAVP1 and AtNHX1 resulted in greater tolerance in comparison with expressing either individual gene. The data were in agreement with previous reports showing that co-expression of both genes provides better tolerance in various plant species, including tomato, sugar beet, cotton (Gossypium hirsutum L.), and alfalfa (Bhaskaran and Savithramma, 2011; Shen et al., 2014; Wu et al., 2015; Bao et al., 2016) . In tomato, co-expression of AVP1 and PgNHX1 showed higher tolerance to salt stress than expressing either individual gene. The higher tolerance was correlated with higher accumulation of Na + in the leaf tissues that was likely due to higher sequestration of Na + in the vacuole (Bhaskaran and Savithramma, 2011) . In our study, the transgenic lines co-expressing AtAVP1 and AtNHX1, however, did not contain greater Na + in the tissues than individual gene expressors (Fig. 5) , suggesting that the higher tolerance was likely due to the greater tissue Na + endurance. Tissue Na + endurance is possibly involved in the protection mechanism where cellular organelles are able to endure higher Na + concentration. Earlier studies in tobacco (Nicotiana tabacum L.) showed that transgenic plants co-expressing AVP1 and PgNHX1 accumulated more proline under salt stress than the single gene expression lines (Bhaskaran and Savithramma, 2011) . Proline has been known important in stress tolerance via its contribution to osmotic adjustment, protection of macromolecules during abiotic stress, and removal of hydroxyl radicals (Yancey et al., 1982) . Enhanced proline accumulation has been demonstrated to improve salt tolerance in Arabidopsis, tomato, buckwheat (Fagopyrum esculentum Moench), and groundnut (Kishor et al., 1995; Zhang and Blumwald, 2001; Chen et al., 2008) . Transgenic plants overexpressing NHX1 and AVP1 with enhanced proline production and activity resulted in improvement of salt tolerance in tomato (Bhaskaran and Savithramma, 2011) , sugar beet (Wu et al., 2015) , and mungbean (Sahoo et al., 2016) . Greater expression of AVP1 and NHX1 also resulted in reduced membrane lipid peroxidation and H 2 O 2 accumulation, and higher levels of antioxidant enzyme activity (Gaxiola et al., 1999; Sahoo et al., 2016) . In addition, AtAVP1 plays an important role in regulating plant growth and development via control of auxin transport and distribution (Li et al., 2005) . Hydrogen pyrophosphatase is involved in photosynthate partitioning by maintaining phloem pyrophosphate homoeostasis (Pizzio et al., 2015) . Overexpression of tonoplast H + pyrophosphatase in Arabidopsis tomato and in rice increased root development under nonstress conditions (Mahmood et al., 2000) . In the present study, the transgenic soybeans co-expressing both genes had a similar level of Na + in the tissues but were more salt tolerant than those expressing a single gene of either AVP1 or NHX1. The higher tolerance might have resulted from the higher cellular protection capacity. Together, the data support that the expression of AtAVP1 and AtNHX1 in soybean enhanced salt tolerance by both Na + compartmentation and tissues endurance. Salinity stress is persistent in the soil, and the stress often affects plants throughout most growth and developmental stages. To produce yield in the field, the plants need to maintain their ability to emerge, grow, produce sufficient biomass, and seeds. Recently, transgenic soybeans have been developed to express individual genes targeting different mechanisms of tolerance, including osmotic adjustment, radical species removal, Na + uptake and transport, and stress-signaling regulation. Enhanced osmotic adjustment, which helps maintain cellular osmotic balance, scavenge reactive oxygen species, and protect the antioxidation system, was achieved in soybean by overexpressing AtSZF2 (Kim et al., 2017) and Tbosm (Subramanyam et al., 2012) . AtSZF2, a CCCH Zn-finger protein, maintained greater cell membrane stability of the transgenic plants under salt and osmotic stress using leaf floating and the electrolyte conductivity method (Kim et al., 2017) . Expression of tobacco osmotin (Tbosm) in soybean increased accumulation of proline and antioxidant enzymes and conferred short-term resistance to salinity stress. Targeting stresssignaling regulators was also beneficial to improve salt tolerance. Expression of OsDREB2A, a rice transcription factor gene, improved salt tolerance in transgenic soybean by accumulating soluble sugars and free proline and increased the expression of stress-responsive genes (Zhang et al., 2013) . Together, these studies suggest that it is possible to improve salt tolerance in soybean by genetic engineering. Unfortunately, most previous studies often investigated the tolerance for a short period of time at the seedling and/or vegetative growth stages but rarely maintained the transgenic plants for reproductive performance under salinity stress. In the present study, our data showed that under 100 mM NaCl (?10.0 dS m −1 ), the transgenic plants had better growth than the WT, but the better performance did not last long and all genotypes died after 6 wk of salt treatment. For a relatively short period of time, transgenic plants were more tolerant, and presumably the two proteins AtAVP1 and AtNHX1 have a function in translocation of Na + to the vacuoles that could help the plant resist the toxicity effect of Na + in the cytosol and improve tissue Na + endurance. Although soybean overexpressing AVP1 and NHX1, either individually or combined, were better at salt tolerance in the short term, and greater uptake and transport of Na + in the roots and leaves was observed (Fig. 5) . This greater accumulation of Na + would eventually reach a deadly concentration after certain exposure to stress that the soybean plants were not able to tolerate. The increased influx of Na + led to an accumulation limit in the vacuoles, resulting in a situation where Na + would leak back into cytosol (Munns and Tester, 2008) and the system would no longer be effective. Thus, this salt tolerance mechanism in soybean might be more beneficial for a short-term salinity. In fact, in another study, transgenic plants overexpressing AtNHX1 could produce better yield than the WT when exposed to stress for 2 wk, then transferred to nonstress conditions (Li et al., 2010) . This salinity stress condition was short and tolerance was expected, as we observed in our experiments at the vegetative stage. Under long stress exposure in the field conditions, however, the continuous and increased accumulation of Na + in the tissues will pose a limitation to the performance of the soybean. In addition, overexpression of the proteins may associate with energy cost over time to maintain proton gradients across tonoplast membrane and the antiporter activity (Raven, 1985) . This assumption is supported by our yield evaluation data. When we lowered the stress level to 7.5 dS m −1 (the yield test), soybean plants were able to grow and produce seeds, but the yield was significantly lower. There was no difference for growth, biomass, and seed yield between the transgenic and WT plants. In this situation, the roles of the expressed AtAVP1 and AtNHX1 might be minimal due to the associated cost, as discussed above. Similar observation was also found in barley where the transgenic plants expressing AtNHX1 had no effect on tolerance (Adem et al., 2015) . This observation is not unexpected in soybean, since salt tolerance at different growth stages are not well correlated; the plants with tolerance at emergence stages may not tolerate salt stress at vegetative growth stages (Phang et al., 2008) . In addition, salt tolerance in soybean is primarily determined by NaCl exclusion from uptake and transport to the shoot and leaves (Phang et al., 2008; Guan et al., 2014; Quach et al., 2018) . Co-expression of AVP1 and NHX1 in a low-Na + -uptake soybean genetic background might be an option for long-term salt exposure. For example, coupling of AVP1 and NHX1 with genes controlling Na + uptake and transport, such as the Arabidopsis SOS1 gene, might provide a more efficient tolerance to soybean. AtSOS1 encodes a plasma membrane Na + /H + antiporter has been demonstrated to improve salt tolerance in plants by reduced accumulation of Na + in Arabidopsis, tomato, and tobacco (Shi et al., 2003; Olías et al., 2009; Yue et al., 2012) .
In conclusion, in this study, we found that the expression of AtAVP1 and AtNHX1 in soybean was able to sustain growth and photosynthetic capacity of the transgenic plants at vegetative stages for short-term stress exposure. The higher tolerance is associated with greater accumulation of Na + in the tissues, which might have resulted from greater Na + sequestration into the vacuoles. The greater accumulation of Na + in the leaves and roots, however, might limit long-term tolerance to salinity. Combination with genes conferring long-distance Na + uptake and transport might provide more protection from long-term NaCl stress exposure in soybean.
